Introduction
Benzene is the archetypal example of a molecule that possesses remarkable physical properties arising from its delocalized π-electrons. Historically, chemists have searched for other molecules that resemble benzene. Borazine (B 3 N 3 H 6 (5)) and boroxine (B 3 O 3 H 3 (9)) are examples that have been proposed: both are similar to benzene in geometry and in formal topology of the π-molecular orbitals. However, the question of whether their π-electrons are delocalized in the same sense as they are in benzene (resonance between two Kekulé structures) is less clear.
Aromaticity has many definitions. Bond-length equalization, 1 extra energetic stabilization 2 with respect to an often hypothetical reference system, and the ability to sustain an induced diatropic ring current 3-7 have all been proposed as descriptors for aromaticity. Many studies have been devoted to the aromaticity of benzene analogues using concepts of aromatic stabilization energy, exaltation of diamagnetizability Λ, and nucleus independent chemical shift (NICS 7 ). 8-13 On these criteria, "inorganic benzenes" such as borazine (B 3 N 3 H 6 (5)), boroxine (B 3 O 3 H 3 (9)), and borthiin (B 3 S 3 H 3 (10)) are nonaromatic, whereas s-triphosphatriborin (B 3 P 3 H 6 (6)), hexaazabenzene (N 6 (3)), hexaphosphabenzene (P 6 (4)), and hexasilabenzene (Si 6 H 6 (2)) are of modest aromatic character. 12 (3) von R. Schleyer An important question is whether the electronic structure of an inorganic benzene expressed in terms of Lewis structures resembles that of benzene itself. The valence bond (VB) theory, 14 where a molecular wave function is constructed from atomic states, offers an interpretation precisely in terms of resonating Lewis structures. 15 Weights can be attributed to these structures, using a formula proposed by Chirgwin and Coulson to assess their importance in the total wave function. 16 Furthermore, the VB theory provides a resonance energy (E res ) of a molecule, as defined by Pauling; 17 this is the difference between the total energy (E tot ) and that of the most stable structure. For benzene itself, a large value of E res ) 85-190 kJ/mol with respect to one structure is found. [18] [19] [20] The structure with the lowest energy is of the Kekulé type and has the largest weight in the wave function. Thus, for benzene (1), aromaticity is characterized not only by a high resonance energy but also by large weights of the Kekulé structures in the wave function.
In contrast, for the heteronuclear analogues borazine (5) and boroxine (9), spin-coupled valence bond calculations indicate that only one Lewis structure, corresponding to a description of three lone pairs localized on the electronegative centers, is important in the wave function, and E res is negligible. 10 Significantly, the negligible resonance energy coincides with the absence of a diatropic π ring current, and so energetic and magnetic criteria of aromaticity are in agreement here. 11 The aim of the present paper is to explore the parallels between the energetic and magnetic criteria of aromaticity for a series of inorganic benzenes, using VB methods for evaluation of resonance energy (E res ) and distributed origin computation of induced current density to establish the presence or absence of ring currents. VB calculations are performed using both the strictly atomic model and the spincoupled method. The magnetic response treatment is carried out at the coupled Hartree-Fock level 21,22 using the "ipsocentric" 23,24 CTOCD-DZ 25 approach, which is derived from the continuous set of gauge transformations (CSGT) method of Keith and Bader 26 and which provides maps of induced current density that give detailed information about the nature and distribution of currents and rationalize other magnetic indices of aromaticity.
A set of candidate inorganic benzenes was defined (with benzene itself included for comparison) as X 6 H 6 (X ) C(1), Si (2)), X 6 (X ) N (3), P (4)), X 3 Y 3 H 6 (X,Y ) B,N (5), B,P (6), Al,N (7), Al,P (8)), and B 3 Y 3 H 3 (Y ) O (9), S (10)). Computed data on electric 27 and magnetic 12 properties of some of the molecules in the set are available in the literature, including a full set of NICS(0) 7 values for all of the molecules studied here.
Computational Details
2.1. Geometry Optimization. Geometries of the molecules were optimized with GAMESS-UK 28 at the density functional theory (DFT) level, using the B3LYP functional ( . Total energies at B3LYP/basis1 (Etot,B3LYP) and RHF/6-31G** (Etot,RHF) levels. c RHF/6-31G** energy calculated at the B3LYP/basis1 optimized geometry. The σ-orbitals from this calculation are retained in the VB procedure. d Number of imaginary frequencies. The symmetries of the imaginary modes are indicated between parentheses. e Corresponding wavenumbers (ν) for compounds 1-10. See Supporting Information.
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hydrogen, boron, carbon, and nitrogen the 6-311 ++ G** basis [32] [33] [34] was used, and for the aluminum, phosphorus, sulfur, and silicon the 6-311G** 35,33 basis was used. We refer to this combination as basis1. Heteronuclear rings were constrained to D 3h symmetry and homonuclear rings to D 6h symmetry. Hessian calculations show the planar symmetric geometries of 1, 5, 7, 9, and 10 to correspond to genuine minima on the potential energy surface at this level of theory. For 2, 3, 4, 6, and 8, one (or more) imaginary frequencies were found, indicating that the constrained structures are transition states (or higher order saddle points). These results are in agreement with earlier data. [36] [37] [38] [39] [40] The relaxation of Si 6 H 6 (2) from D 6h to D 3d symmetry is accompanied with a change in the NICS(0) value from -13.1 into -11.0, 41 indicating that the aromatic character is retained. N 6 (3) is not stable and dissociates into three separate N 2 molecules, 38 and 8 in the D 3h geometry shows no aromatic character, a feature which will not change for the optimal C s symmetry conformation. Therefore, only the D 6h conformations of 2 and 3 and the D 3h conformation of 8 are studied here. The e 2u symmetry of the imaginary frequency for D 6h -P 6 (4) suggests an out-of-plane distortion to D 2 , and both conformations are studied. For 6, both the D 3h and the chair (C 3V ) conformation, which corresponds to the minimum on the potential energy surface, are investigated.
Valence Bond
Calculations. VB/6-31G** 32,35,42-44 //B3LYP/ basis1 calculations were performed with TURTLE 45 as implemented in the GAMESS-UK package. 28 In all of the calculations, frozen σ orbitals were taken from a preceding RHF/6-31G** calculation, and the π system was described by six atomic p-orbitals. Two types of calculations were carried out, viz., strictly atomic and spin coupled.
In the strictly atomic model, the orbitals were optimized using the valence bond self-consistent field (VBSCF) 46, 47 but were forced to remain on their initial centers throughout the optimization. The advantage of this model is its clear interpretability in terms of welldefined Lewis structures. Since the X and Y atoms can contribute 0, 1, or 2 electrons to the π system in a general X 3 Y 3 H n cycle, the wave function was accordingly constructed from Lewis structures representing, respectively, the two Kekulé terms (I and II), three lone pairs on X (III), and three lone pairs on Y (IV) (Figure 1 ).
To partition the resonance energy (E res ) into resonance interactions between pairs of structures, the structures are orthogonalized using the criterion of maximum overlap (Löwdin orthogonalization 48 ). The total energy (E tot ) can be divided into contributions from the orthogonalized structures and their π-electron interactions (resonances). 49 The contribution of Kekulé-type resonance to the resonance energy (E res ) can then be expressed as a percentage of the total orthogonalized resonance energy.
The spin-coupled valence bond wave function comprises one configuration with all of the possible spin couplings (two Kekulé and three Dewar structures), and the orbitals are optimized without any restrictions. 50, 51 2.3. Calculation of the Induced Current Density. Magnetic properties for all 10 compounds were calculated with SYSMO 52 at the coupled Hartree-Fock level within the CTOCD-DZ formalism 21-26 and using the 6-31G** basis set 32, 35, [42] [43] [44] in the planar and planar-constrained geometries. Maps of σ, π, and total (σ + π) contributions to the current density were obtained. The current density, induced by a unit magnetic field directed along the principal axis, is plotted in a plane 1a 0 above and parallel to the molecular plane. Diatropic circulation is shown counterclockwise. As a quantitative indicator, the maximum magnitude of the current density over each bond midpoint was determined for D 6h 1-4 in a square of dimension 2 × 2 a 0 centered on the point midway between two neighboring atoms of the ring. For the maps of 4 and 6 in their nonplanar, optimal structures, use was made of Pipek-Mezey 53 localized orbitals in order to distinguish between the P-P single bonds and the π-type orbitals. The sum of the contributions of the three π-type orbitals to the current density is plotted in various planes (see text). 54 Magnetic shielding values at the ring center (-NICS(0) 7 ) were obtained by integration of the full three-dimensional induced current density for the three directions of the external field, using the CTOCD-PZ2 formalism. 55, 56 3. Results
Valence Bond.
The results from the strictly atomic VBSCF calculations are reported in Table 2 . For the X 6 ring compounds 1-4, large weights for the Kekulé structures (W (I) and W (II)) and resonance energies E res ranging from 53.7 to 161.4 kJ/mol are found.
With the exception of 6, the heteronuclear ring compounds have a low weight for the Kekulé structures. The lone-pair structure with two electrons on each atom X (III), Figure 1 , is dominant in the wave function (highest weight varying from 0.90 to 0.98). E res varies from 12.5 to 61.6 kJ/mol, except in 6, for which a substantially higher resonance energy (E res ) of 132.6 kJ/mol is found. The contributions to the resonance energy of the resonance between the orthogonalized Kekulé structures are between 3 and 7% but 17% for 6.
In Table 3 , the results from the spin-coupled VB calculations are presented. Whereas E res is still appreciable for the homonuclear rings, it is close to zero for the heteronuclear rings 5 and 7-10 but significant for 6. All of the E res values are lower than those obtained for the strictly atomic orbital model. Figure 2 shows the two singly occupied p-orbitals of benzene (1), borazine (5), and s-triphosphatriborin (6), respectively. After the optimization of the spin-coupled wave function, 1 and 6 show one p-orbital per atom with tails on both neighboring atoms, that is, only a minor change from the starting position of a single p-orbital per atom. For 5, the orbital that originated from a boron atom migrates completely to the nitrogen atom, leaving only small tails on the neighboring boron atoms (cf. ref 10).
3.2. Ring Currents. From the plots of induced π-current density, computed in the ipsocentric approach, it can be deduced that the homonuclear rings support appreciable diatropic ring currents (Figure 3) . In contrast, the maps for the heteronuclear ring compounds show in all but one case, viz., 6, islands of localized currents centered around the electronegative atoms X. In the special case, 6, there is a discernible diatropic π ring current. The maps for 5 and 9 are similar to those previously reported. 11, 54 Sample σ and total (σ + π) current-density maps for 1, 3, 6, and 7 are shown in Figure 4 . Benzene (1) and N 6 (3) show the profile familiar from many monocyclic and polycyclic compounds: superposition of localized diatropic σ-bond currents leads to an outer diatropic circulation and an inner paratropic central circulation within the ring. The localized compound 7 shows a different σ profile, with three localized circulations around the electronegative centers and no significant global perimeter circulation. In this context, 6 appears again as a transitional system, with a pattern that shows a tendency for the localization of currents over the electronegative phosphorus atoms but with vestigial perimetric diatropic circulation. Total (σ + π) maps at a height of 1a 0 are dominated by the π ring currents in the homonuclear rings 1 and 3 and by the reinforcing lone-pair localized currents in 7. Again, 6 has a transitional character, with counterrotating perimetric and central currents but without pronounced π or σ-global ring current. Figure 5 shows what happens to the π ring current of 6 on relaxation to its optimal structure. The contribution of the orbitals derived from the π orbitals of the planar structure change from a global circulation to a set of localized islands, corresponding to the axial lone pairs of the phosphorus atoms.
Shieldings at the ring center (cf. -NICS(0) values) and the maximum magnitudes of π-current density (j max ) for the homonuclear rings are reported in Table 4 . Broad agreement a The last four columns contain the weights of the Kekulé structures (I and II) and the lone-pair structures (III and IV) (Figure 1 ). 
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in size and sign is seen between CTOCD-PZ2 mean shieldings and those previously reported, 12 despite differences in the basis set, treatment of gauge, and level of electronic structure theory. An exception is the planar transition state structure of P 6 (4), which shows, among others, a pronounced dependence on the basis set. 57 When discussing π ring currents, perhaps more significant than the value of the average shielding is the out-of-plane component of the shielding tensor, σ zz , as this component reflects the effect of a perpendicular magnetic field. [59] [60] [61] The σ zz is calculated to be positive for all of the homonuclear rings in the set but negative for the heteronuclear compounds. Interestingly, B 3 P 3 H 6 (6) shows a near-zero computed value of σ zz (vide infra). structure and magnetic indicators. A survey of the strictly atomic model results shows that 1-4 have large Kekulé resonance contributions above 40% and high Kekulé structure weights (W(I) ) W(II)), though explicit addition of Lewis structures III and IV increases the resonance energy, as it must by the variation principle. In the case of benzene, the inclusion of III and IV, which gives an improvement of the wave function that is outside the classical Kekulé resonance picture, amounts to an increase of about 52 kJ/mol. All four molecules also display diatropic π ring currents, as expected for aromatic compounds, and there is qualitative correlation between the strength of current (j max ) and the size of the resonance energy (Table 2) . C 6 H 6 (1) and planar N 6 (3) show strong ring currents and resonance energies (E res ) of 161.4 and 138.8 kJ/mol; planar 2 and 4 show ring currents of less than half the benzene strength and resonance energies (E res ) of 71.3 and 53.7 kJ/mol. The spin-coupled model shows lower resonance energies (E res ) than the strictly atomic method. In spin-coupled VB, the orbitals have the freedom to spread out, which means the implicit inclusion of ionic bond character. The only way to include ionic character in the strictly atomic model is to mix the lone-pair structures III and IV into the Kekulé picture of the homonuclear compounds and to mix the Kekulé-type structures I and II into the lone-pair description of the heteronuclear compounds. E res is defined as the difference between the energy of the most stable structure and the total energy (E tot ). The most stable spin-coupled structure has a lower energy than the most stable structure in the strictly atomic model, leading to a higher E res for the strictly atomic model. Interestingly, the magnetic aromaticity of 3 is not captured by calculating the NICS(0) index. As has been discussed elsewhere, 62 the isotropic central shielding that defines NICS is influenced by many factors in addition to the π ring currents; even restriction to the out-of-plane component of shielding does not help here, as localized σ-and delocalized π-circulations give near canceling contributions to σ zz . Inspection of the current-density map is more informative than either of these global integral properties.
The ring-current calculations on 4 require a more detailed explanation: although -σ av is only -0.1 for planar 4, the π map in Figure 3 shows a strong ring current, and consistent with this observation, the -σ zz component is -14.2, indicating aromatic character. For the method and basis set used here, the paratropic in-plane component of NICS exactly counteracts the diatropic ring-current component, whereas an enlargement of the basis set leads to a similar -σ zz but different in-plane average (-σ ip ) value (see also ref 57).
The deformation to the optimal D 2 symmetric geometry of 4 does not quench the π ring current, as shown in Figure  6 . The side view plots through the two symmetry unique P 1 -P 2 and P 3 -P 4 bonds show that the main current along the P 3 -P 4 bond is concentrated on one side of the bond, 
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while along the P 1 -P 2 bond it is more evenly distributed. A contour plot of the modulus of π-current density (contour value of 0.024) gives an indication of the current path in three dimensions (as do the arrows sometimes added to the plots of current-density anisotropy in the ACID method 63 ). This picture combined with the side view plots show the continuous π ring current and rationalize the gaps seen in the map plotted 1.6a 0 above and parallel to the median plane.
4.2. Heteronuclear X 3 Y 3 H n Series. Our calculations give little support to any putative assignment of these compounds as being "aromatic". All but B 3 P 3 H 6 (6) fit into a simple pattern: they have low resonance energies (E res ) and large weights for a localized lone-pair structure with low-fractional contributions of Kekulé resonances to E res . Maps of induced current density show concomitant localization of the magnetic response.
Borazine (5) appears to be an exception to this pattern. In the strictly atomic VB calculations, it shows a significant E res value of 61.6 kJ/mol. Upon relaxation of the constraint on the nature of the p-orbitals, however, this E res value is seen to have been an artifact. The improved E res value, available from the spin-coupled VB calculation, is negligible (0.7 kJ/mol). The maps (Figure 3 ) do not show any evidence of benzenoid behavior.
In contrast, 6 possesses a large resonance energy both in the strictly atomic and in the spin-coupled VBSCF calculations, but its -σ zz value is 1.1. As shown in the maps in Figures 3 and 4 , in the case of 6, the weak diatropic π current is canceled by paratropic contributions (see also 3), because of localized σ currents. The average in-plane component of NICS(0), notwithstanding, is negative (-σ ip ) -12.9), leading to an aromatic overall -σ av value (NICS(0)) of -8.2. Hence, for 6 total NICS(0) does not reflect the presence of an underlying ring current. An interesting critique of the NICS approach in general is given in ref 64.
The exceptional character of 6 is also reflected by the contour plots of its spin-coupled orbitals in comparison with those of benzene (1) and borazine (5) (Figure 2) . While for benzene (1), one singly occupied orbital on each carbon atom is found, which can be interpreted as a covalent bond, for borazine (5) two singly occupied orbitals centered on nitrogen are discernible, which correspond to the description of a nitrogen lone pair. B 3 P 3 H 6 (6) is formally more similar to borazine (5), but its orbitals are intermediate between those of benzene (1) and borazine (5): one orbital is strictly centered on phosphorus (similar to 5), while the other orbital is centered on boron (more benzenoid) with tails on phosphorus, representing the larger Kekulé-type structure contributions because of the small difference in electronegativity between boron and phosphorus. 65 Thus, this pictorial result, together with the E res of 52.5 kJ/mol and the large Kekulé resonance contribution to the orthogonalized resonance energy, suggests that planar 6 is benzene-like.
The current-density maps give an indication of aromatic behavior in planar 6 in that the π-current pattern is delocalized, though not uniform in strength. When the geometry is allowed to relax to the local C 3V minimum, the current changes from a global circulation to a set of localized islands, corresponding to the axial lone pairs of the phosphorus atoms (Figure 6 ). Thus, 6 is nonaromatic, according to the magnetic criterion.
Conclusions
Three complementary theoretical techniques were used to explore the putative aromaticity of a set of inorganic benzenes. Each technique gives a visualization of aromaticity: strictly atomic VB calculations through the balance of Kekulé and lone-pair structures, spin-coupled calculations through resonance energy, and the CTOCD-DZ currentdensity maps through the distinction between global ringcurrent and local circulations.
The strictly atomic model gives a clear division of the molecules into a benzene-like group and a group with lone pairs on the most electronegative atoms. This division corresponds to that derived from the maps of magnetic response. The spin-coupled method, which gives an improved description of the electronic structure through unrestricted orbital optimization, leads to the same partitioning of the set. If the label "inorganic benzene" is to be applied to any of the compounds studied, it is apparently appropriate only for the homonuclear ring compounds and the constrained 3 and with reservations, for the planar geometry of 6.
